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INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is a progressive neurologic disorder that manifests profound behavioral, personality, and language symptoms (Neary et al., 2005; Kumar-Singh and Van Broeckhoven, 2007) . In the past few decades, the pathologic classification of FTLD has been primarily accomplished using biochemical and immunohistochemical approaches to differentiate the composition of proteinaceous aggregates found in the brain. Historically, three major neuropathological subtypes have been identified in FTLD, including tauopathies, FTLD cases lacking distinctive histopathology, and FTLD-ubiquitinated (FTLD-U) type (Woulfe et al., 2001) . Recent studies have suggested that FTLD-U is the most common of these subtypes, accounting for approximately half of all FTLD cases (Graff-Radford and Woodruff, 2007; Snowden et al., 2007) . The histopathologic hallmark of FTLD-U is the presence of ubiquitin-positive, tau and α-synuclein-negative intraneuronal inclusions primarily in the hippocampal dentate gyrus and frontotemporal cortex (Kovari et al., 2004) . Interestingly, a similar pathology is also seen in cases of FTLD-U with concomitant motor neuron disease (MND), which suggests that FTLD-U and MND share a common pathogenesis (Forman et al., 2006) .
Pathological lesions in many neurodegenerative diseases exhibit ubiquitin immunoreactivity, reflecting common downstream cellular responses to protein complexes. However, the identities of the inciting proteins that aggregate differ depending on the particular disease. In FTLD-U inclusions, the primary protein constituents have proven difficult to characterize, hampering understanding of key early events in the disease pathogenesis. This obstacle has been primarily technical in nature, as the small size and distribution of the inclusions precluded the application of biochemical purification and identification approaches common in the study of other www.frontiersin.org pathologic lesions. In fact, it was only recently that the first nonubiquitin components of FTLD-U inclusions were identified as TAR-DNA-Binding Protein 43 (TDP-43; Neumann et al., 2006) and Fused in Sarcoma (FUS; Kwiatkowski et al., 2009; Vance et al., 2009 ), both nuclear RNA binding proteins involved in RNA splicing and transcriptional regulation (Yang et al., 1998; Buratti et al., 2001; Tan and Manley, 2010) .
The identification of TDP-43 as a primary aggregating protein in FTLD-U has fueled efforts to further define the mechanisms leading to protein aggregation, inclusion formation, and neurodegeneration in this disorder. To date, however, limited progress has been made in the characterization of additional functionally relevant proteins in sporadic FTLD-U. In contrast, several genes have been associated with the pathogenesis of familial disease forms (Rollinson et al., 2009) , including the discovery of pathogenic mutations in the progranulin gene (GRN ; Baker et al., 2006; Cruts et al., 2006) , valosin-containing protein (VCP) on chromosome 9p21 (Watts et al., 2004) , and charged multivesicular body protein 2B (CHMP2B) on chromosome 3p11 (Skibinski et al., 2005) . GRN mutations cause a loss-of-function (haploinsufficiency) by introducing premature termination codons or missense mutations that result in rapid mRNA degradation or non-functional protein expression (Baker et al., 2006; Eriksen and Mackenzie, 2008) . Thus, unlike TDP-43, mutations in GRN do not result in the accumulation of aggregated progranulin. Similarly, neither VCP nor CHMP2B have been shown to systematically accumulate in the ubiquitin-immunoreactive neuropathology. Notably, extensive histopathological characterization of familial and sporadic FTLD-U cases reveals differences in aggregate distribution, density, and morphology, suggesting that they may not share a common molecular basis (Mackenzie and Rademakers, 2007) . As such, further molecular analysis of sporadic FTLD-U tissues is warranted.
The development of laser capture microdissection (LCM) technology over the past 15 years (Emmert-Buck et al., 1996) has given investigators a new method to isolate and study neurodegenerative disease tissues. LCM is a rapid, reliable method for the isolation of specific cells, or small biologically relevant areas, from complex tissues (Emmert-Buck et al., 1996) . Using a low-power laser to melt a thermoplastic film onto a tissue section, a target of interest as small as 3-5 μm in diameter can be isolated (Bonner et al., 1997) . Multiple laser shots can be combined on the same film in order to procure cell clusters or more complicated tissue structures (Simone et al., 1998) . Importantly, the remarkable precision demonstrated in the laser capture process, coupled with minimal direct handling and processing of the captured material, reduces contamination in collected samples and minimizes the impact on downstream analyses (Ornstein et al., 2000) . However, the process of LCM allows the recovery of only a minimal amount of protein from captured tissues, a limitation that may be largely addressed by the application of high-sensitivity proteomics platforms such as liquid chromatography -tandem mass spectrometry (LC-MS/MS).
The combination of LCM and LC-MS/MS offers a unique opportunity to study neurodegenerative disorders because these diseases are characterized by the presence of selectively vulnerable populations of neurons (Morrison et al., 1998) and by distinct neuropathological lesions that can be microdissected and analyzed. For example, we have previously applied this combined approach in the characterization of senile plaques from post-mortem Alzheimer's disease (AD) brain tissues (Liao et al., 2004; Gozal et al., 2006) . Specifically, we demonstrated the coisolation of 488 proteins with the plaques, including more than 80% of the previously documented plaque proteins. More significantly, quantitative comparison of plaques and non-plaque tissues revealed at least 2-fold enrichment of 26 proteins in the plaque regions, an indication of the complexity and diversity of cellular processes involved in the formation of plaques. Thus, in this study, we coupled LCM and LC-MS/MS to identify and quantitate proteins isolated from neurons containing ubiquitinated inclusions in the hippocampal dentate gyrus of FTLD-U patients. We reveal significant changes in 73 proteins in FTLD-U compared with unaffected controls, and evaluate the potential of this approach for profiling protein expression in cells that specifically accumulate ubiquitin-immunoreactive inclusions and other complex aggregates in neurodegeneration.
MATERIALS AND METHODS

CASE MATERIAL
All cases used in these studies were obtained from the Alzheimer's Disease Research Center (ADRC) and Center for Neurodegenerative Disease (CND) Brain Bank at Emory University School of Medicine. The inclusion of FTLD-U cases was based on extensive neuropathologic characterization required for diagnosis based on consensus criteria (McKhann et al., 2001; Trojanowski and Dickson, 2001; Cairns et al., 2007) . All cases exhibited small, ubiquitinpositive, tau and α-synuclein-negative neuronal cytoplasmic inclusions in the hippocampal dentate gyrus. Additionally, these cases did not meet criteria for neuropathological diagnosis of AD (Mirra et al., 1991 ; The National Institute on Aging, and Reagan Institute Working Group on Diagnostic Criteria for the Neuropathological Assessment of Alzheimer's Disease, 1997), Lewy body disease (McKeith et al., 2005) , or tau pathology consistent with a tauopathy (Litvan et al., 1996; Dickson, 1998) . TDP-43 immunoreactivity was histochemically confirmed in all FTLD-U cases. Control cases had neither a clinical history nor a neuropathologic diagnosis of neurologic disease, and were selected to match FTLD-U cases in post-mortem interval (PMI) to prevent significant variability in protein quality. Samples were separated into three independent FTLD-U/Control comparisons for processing and analysis.
ANTIBODIES
Commercially available primary antibodies used in these studies were to the proteins TDP-43 (rabbit polyclonal; Protein Tech Group, Chicago, IL, USA), septin 3 (goat polyclonal; Abcam, Cambridge, MA, USA), septin 7 (rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, USA), glial fibrillary acidic protein (GFAP; mouse monoclonal; DAKO, Carpinteria, CA, USA), and ubiquitin (rabbit polyclonal; DAKO).
PREPARATION OF TISSUES FOR LCM
Isolation of hippocampal dentate gyrus granule cells by LCM was performed based on previously developed protocols (Emmert-Buck et al., 1996; Goldsworthy et al., 1999) . Ethanolfixed, paraffin-embedded 10 μm-thick hippocampal sections Frontiers in Neurology | Neurodegeneration mounted on uncoated and uncharged glass slides were deparaffinized in xylene and rehydrated. Sections were subsequently stained for 1 min in Histogene Staining Solution (Arcturus, Mountain View, CA, USA), differentiated in 75% ethanol for 1 min, subjected to dehydration in graded alcohols, cleared for 5 min in fresh xylene, and air-dried for 5 min. Finally, sections were desiccated prior to LCM (Emmert-Buck et al., 1996) .
LASER CAPTURE MICRODISSECTION
Laser capture microdissection was performed using a Pixcell II laser capture system (Arcturus). Hippocampal dentate granule cells were visualized and captured with short-duration pulses (1 ms) of an infrared laser (laser spot size: 7.5 μm) using a laser power setting of 80-90 mW. Typically, granule cells of the dentate gyrus from three to four consecutive sections (10 μm thick) were captured on a single CapSure Macro LCM cap (Arcturus), and 50-60 sections were processed from each individual.
PROTEIN EXTRACTION FROM LCM CAPS
Protein extractions were performed as previously described (Gozal et al., 2006) . Briefly, caps were extracted for 15 min at 65˚C with 20 μl of lysis buffer composed of 2% sodium dodecyl sulfate (SDS), 10% glycerol, 10 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA), and protease inhibitor cocktail (PIC; Roche Applied Science) in phosphate-buffered saline, pH 7.2. The caps were then re-extracted for 15 min at 65˚C with a fresh 20 μl aliquot of lysis buffer. The lysis buffer was reused in the sequential extractions of up to four caps containing captured hippocampal dentate gyri from the same case. The procedure was repeated until all caps corresponding to a particular case were extracted, and the extracts were then pooled to produce one extracted sample for each case. To normalize total proteins submitted for proteomic analysis, protein concentration was estimated from a modified silver staining (Shevchenko et al., 1996) of 5% of the sample as previously described (Gozal et al., 2006) .
ANALYSIS AND PROTEIN IDENTIFICATION BY MASS SPECTROMETRY
Mass spectrometric analysis and protein identification was performed as described previously (Liao et al., 2004; Gozal et al., 2009) . Briefly, samples were first separated on a 10% SDS gel (0.75 mm thickness), and visualized with Coomassie Blue G-250. Sample lanes were cut into 6 gel bands and digested with trypsin. The resulting digested peptides were extracted from each of the gel pieces and analyzed by LC-MS/MS using a hybrid LTQ-FT linear ion trap/7-T Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Thermo Electron, San Jose, CA, USA). The acquired MS/MS spectra were searched against the human reference database (29,575 proteins) of the National Center for Biotechnology Information (January 2007) using the SEQUESTSorcerer algorithm version 3.11 r11 (Sage-N-Research, San Jose, CA, USA; Eng et al., 1994) . A target-decoy filtering strategy was subsequently used to evaluate the peptide identification false discovery rate (Peng et al., 2003) . False positive matches were thus filtered out first by mass accuracy (15 ppm) and then by dynamically increasing XCorr (minimal 1.8) and ΔCn (minimal 0.05) values such that the false discovery rate was less than 0.2%. Generally, following manual validation of the spectra (Peng et al., 2003) , we accepted proteins identified by at least one unique peptide.
LABEL-FREE QUANTIFICATION: EXTRACTED ION CURRENT
Quantification of proteins in the LCM extracts was based on the comparison of paired peptides within each of the three independent FTLD-U/Control comparisons as previously described (Gozal et al., 2009) . Ion current intensities for identified peptides were extracted in MS survey scans, and a ratio of the peak intensities for the peptide precursor ion was calculated. The resultant ratio was used as a measure of the relative abundance of the peptide within each FTLD-U/control comparison (Wang et al., 2003) . Abundance ratios for all peptides of a particular protein were averaged to determine the protein abundance ratio. To evaluate the statistical significance of the protein changes, a histogram of all protein abundance ratios after logarithmic transformation (log 2 ) was fitted to a Gaussian distribution according to the null hypothesis. Proteins identified and consistently reduced or enriched in at least two of the independent FTLD-U/Control comparisons with log 2 ratios falling more than two SD from the mean of the Gaussian distribution were marked as significantly altered.
IMMUNOHISTOCHEMISTRY
Free-floating 50 μm-thick frontal cortex and hippocampus sections from 6 FTLD-U and six control cases were incubated with 3% hydrogen peroxide (H 2 O 2 ) to quench endogenous peroxidase activity, blocked in normal serum, and incubated overnight at 4˚C with primary antibody. Sections were then incubated with a biotinylated secondary antibody and signal was visualized using an avidin-biotin-peroxidase complex method (Vector Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) with 3,3 -diaminobenzidine (DAB) as a chromogen.
WESTERN BLOTTING
Post-mortem frontal cortex from AD, FTLD-U, or control cases was extracted at 5 mL/g (volume/weight) with ice-cold low salt (LS) buffer (10 mM Tris, pH 7.5, 5 mM EDTA, 1 mM DTT, 10% sucrose, 10 mM β-glycerophosphate, 10 mM sodium orthovanadate, 10 mM tetrasodium pyrophosphate, 50 mM sodium fluoride, 1× Roche complete PIC). The resulting homogenate was diluted in an equal volume of 2× RIPA buffer (100 mM Tris•Cl pH 7.3, 300 mM sodium chloride, 2 mM EDTA, 2% Triton-X-100, 2% deoxycholate, and 0.2% SDS) with 1× Roche complete PIC and 10 mM iodoacetic acid (IAA). Samples were sonicated on ice and centrifuged at 25,000 × g for 15 min at 4˚C. The RIPA soluble extract (supernatant) was collected and the pellet (insoluble fraction) was subsequently incubated in 20 μL of 8 M urea in SDS loading buffer (63 mM Tris HCl, 10% Glycerol, 2% SDS, 0.0025% Bromophenol Blue, 5% 2-Mercaptoethanol, 1× PIC, and 10 mM IAA) prior to trituration and sonication. Immunoblotting was performed according to standard procedures as described previously (Seyfried et al., 2010) with either 25 μg of insoluble fraction or 60 μg of RIPA soluble fraction.
RESULTS
IDENTIFICATION OF PROTEINS IN FTLD-U DENTATE GRANULE CELLS BY LC-MS/MS
Using LCM, we selectively dissected the granule cell layer of the dentate gyrus, a site of abundant pathologic inclusions in FTLD-U, from three clinically and pathologically confirmed FTLD-U cases www.frontiersin.org and three unaffected controls for proteomic analysis ( Table 1) . Each FTLD-U case was paired with a control case after matching for gender and PMI (±6 h) in order to minimize variation due to other variables. To collect sufficient material for proteomics, the maximum number of granule cells from each dentate gyrus were captured (Figures 1A,B) from 50 to 60 ethanol-fixed, paraffin-embedded, post-mortem hippocampal sections per case, requiring 3000-5000 laser pulses per section. Protein captured from each case was subsequently extracted with SDS, separated by mass using SDS gel electrophoresis, and quantified to estimate total protein yield by silver stain (Figure 1C) . For each case, ∼5 μg of total protein was collected by LCM of hippocampal sections, thus requiring that the samples be analyzed by MS in their entirety and precluding the processing of a replicate sample. Moreover, while the total protein analyzed was controlled for each FTLD-U and control pair, significant variations in the amount of analyzed protein may have been present between paired comparisons in order to maximize the number of proteins identified in each case. Following the division of the samples into three independent FTLD-U/control comparisons, the extracted proteins were separated on a second SDS gel. Each gel lane was subsequently cut into six pieces by molecular weight, and exposed to in-gel digestion with trypsin. The resultant tryptic peptides were analyzed by high-resolution LC-MS/MS, the method of choice for large-scale proteomics. The spectra acquired for each sample were searched against a human protein database, and further filtered by mass accuracy and matching scores. We identified 6694 peptides corresponding to 1252 proteins across the three paired case/control comparisons. Of these, 218 proteins were found in all three paired comparisons (Figure 2 ).
RELATIVE QUANTIFICATION OF IDENTIFIED PROTEINS BY A LABEL-FREE STRATEGY
Quantitation of protein changes between FTLD-U and control dentate granule cell proteomes was based on the ratio of the extracted ion currents of peptides identified in each case. Abundance ratios (FTLD-U/Control) corresponding to the relative protein abundance between the FTLD-U and control proteomes were calculated for all of the peptides obtained in this experiment. To evaluate the significance of the protein changes and to correct the quantitative errors resulting from sample handling and/or ionization instability, the abundance ratios for all 1252 proteins identified in this experiment were averaged over the three comparisons, transformed into log 2 (ratio), and plotted as shown in Figure 3 (Li et al., 2003; Cheng et al., 2006) . Because the majority www.frontiersin.org of proteins tend to display similar abundance in diseased and control tissues, the resultant experimental distribution was fitted to a normal distribution on the basis of the central limit theorem. Using the normal distribution parameters, we identified significant enrichment (≥2 SD from the mean) of 54 proteins in FTLD-U dentate granule cells compared with control. Moreover, 19 proteins were found to be significantly reduced in FTLD-U cases. In order to increase the reliability of the dataset, we considered only proteins detected in at least two out of three FTLD-U/Control comparisons (518 proteins). Finally, only the proteins demonstrating consistency in the direction of the measured change (i.e., enriched in all comparisons) were included in this final list (Tables 2 and 3) .
ANALYSIS OF SELECTED FTLD-U ENRICHED COMPONENTS
Our quantitative comparison of proteins captured by LCM identifies a list of candidate molecules that might play a significant role in FTLD-U pathogenesis. Immunohistochemical staining for TDP-43 revealed abundant labeled inclusions in the FTLD-U dentate granule cells ( Figure 4A ) while the controls showed no labeling. The identification of TDP-43, a well-established disease protein known to associate with FTLD-U pathological lesions, substantiates the sensitivity of our proteomic strategy and validates our use of LCM samples in proteomics analyses. However, while TDP-43 was among the proteins meeting these filtering restrictions, it showed only a moderate ∼1.5 fold increase in FTLD-U. Several additional candidate proteins were selected for immunohistochemical (IHC) analysis based on the availability of specific antibodies and the magnitude of enrichment in FTLD-U. IHC was performed in frontal cortex and hippocampal sections from six additional post-mortem FTLD-U cases and six unaffected controls using antibodies to ubiquitin (Figure 4B ), septin 3 ( Figure 4C ), septin 7 (Figure 4D ), and GFAP (data not shown). These antibodies did not reveal associations with inclusions or staining overlap with ubiquitin immunoreactivity in the cases studied, suggesting that many of the enriched proteins identified through our LCM and LC-MS/MS approach represent soluble proteins rather than components of insoluble aggregates. To further examine the relationship of septin 3 and septin 7 with insoluble aggregates in FTLD-U, we performed immunoblot analysis on biochemically extracted FTLD-U, AD, and control frontal cortex ( Figure 5) . Interestingly, while detergent-insoluble urea samples did not reveal enrichment of either protein, septin 3 was noted to be up-regulated in detergent-soluble fractions. Thus, while enriched in FTLD-U tissues, neither protein appears to comprise the pathologic aggregates in this disorder.
DISCUSSION
The complete composition of inclusions and the mechanisms underlying their formation in neurodegeneration are currently unclear. The evaluation of pathological inclusions in FTLD-U and other diseases has, to date, been based on conventional neuropathologic approaches aimed at differentiating these lesions from other abnormal protein aggregates. As a result, immunohistochemical identification has been limited to a subset of proteins classically associated with neurodegeneration, including β-amyloid, α-synuclein, tau, and more recently, TDP-43 and FUS (Okamoto et al., 1991; Mackenzie et al., 2009 ). The combination of LCM and LC-MS/MS has been successfully applied in the proteomic characterization of multiple neurodegenerative disease aggregates, including amyloid plaques (Liao et al., 2004) , neurofibrillary tangles (Wang et al., 2005) , and Lewy bodies (Leverenz et al., 2007) . However, in contrast with the capture of amyloid plaques (Liao et al., 2004) , where 2000 aggregates (50-100 μm in diameter) were specifically microdissected from four cortical sections, each FTLD-U section contained <50 much smaller inclusions. The small size of these inclusions, typically 1-8 μm in diameter (Okamoto et al., 1991) , and their relatively sparse distribution rendered their direct capture and analysis impractical. Since direct comparison of inclusion-containing dentate granule cells with adjacent unaffected granule cells was technically impossible, we performed more global comparisons between independent pairs of FTLD-U and control cases. We employed a labelfree quantitative proteomics approach to characterize dentate granule cells microdissected from FTLD-U hippocampal sections. Only a small proportion of the final lysate extracted from the LCM caps consisted of aggregating proteins, and our approach identifies mainly non-aggregated proteins whose expression is altered in FTLD-U dentate granule cells. Analysis of three independent FTLD-U and control sample comparisons resulted in the identification of 1252 proteins, of which 73 were significantly altered in FTLD-U. Several of the identified proteins have been previously implicated in known pathogenic pathways in FTLD-U or ALS, including VCP (Gitcho et al., 2009 ) which demonstrated enrichment of ∼1.3-fold. Moreover, TDP-43, a known component of ubiquitin-immunoreactive inclusions, was significantly enriched in FTLD-U samples compared with controls. Identification of these established proteins serves to validate our experimental strategy.
Mass spectrometry is a rapid and sensitive method for the identification of critical proteins in neurodegenerative diseases. Our MS findings are highly consistent with global alterations in protein levels in FTLD-U, but the initial proteins targeted for additional immunohistochemical analysis did not localize to ubiquitinimmunoreactive inclusions. While specific association of a protein with pathological lesions offers the most straightforward evidence for involvement in disease, this approach is inherently limited by the fact that accumulated inclusions in autopsy specimens may only reveal end-stage pathology resulting from many years of disease. Several proteins have been shown to play important roles in the pathogenesis of FTLD-U despite failing to localize within inclusion bodies. These include progranulin (Baker et al., 2006; Cruts et al., 2006) and CHMP2B (Skibinski et al., 2005) , both of which were shown to play critical genetic roles in the disease process. To our knowledge, this study provides the first unbiased proteomic analysis identifying a list of candidate proteins with increased expression in the FTLD-U hippocampus. The altered level of expression in FTLD-U suggests that some of our 73 candidate proteins contribute to disease pathogenesis, and additional case-control comparisons may help further delineate those proteins with consistent change in disease tissues. Moreover, the identification of proteins in several pathways previously implicated in other neurodegenerative diseases, including metabolism and oxidative stress, protein degradation, and components of the cytoskeleton, suggest that additional validation of proteins in our Frontiers in Neurology | Neurodegeneration www.frontiersin.org list may be warranted. Their role in FTLD-U and their potential utility as biomarkers of the disease deserves further study.
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